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Problem Statement

Decarbonizing electricity will require that low-carbon sources meet
energy demand throughout the day. Wind and solar photovoltaics are
possible technology options, but intermittency and seasonality can be
challenges to cost-competitive deployment.

We analyze storage with wind and solar across four locations and four
grid roles, determining which technology features are preferable for
providing reliable output over twenty years.

We find that storage with costs below $20/kWh and wind/solar can be
cost competitive with conventional generation technologies.
Sensitivity to storage power cost S/kW and round-trip efficiency are
substantially weaker than to energy cost $/kWh.
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Traditional Generation Output Shape

Peak Generation
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Analytic Framework*

Wind and solar
generation costs

Renewables generation

Storage operation

éf(t)generation .
— ;Jf(t)charge Renewable Slze
+ I(t)discharge

> output shape Sto rage power

S.T. I’(t)discharge < Elnax\/ﬁ
Ernax Storage duration LCOSE

;E(t) > = I(t)charge g ( )

generation = \/_
U

0 < I(t)charge - m(t)clischarge < Emaxh'

A 4

Cost minimization

‘ Grid role ‘ I
. EAF
Efficiency Storage energy

(Equivalent Availability Factor)
Storage power  cost

cost
*J.M. Mueller, G. Pereira, M. Ferrara

J. Trancik, Y.-M. Chiang, MIT 2017 Confidential



Intermediater

— Bipeaker

0 2 4 6 8 10 12 14 16 18 20 22 24

—— Peaker

peakers — Interme




Example: Baseload Generation From Wind

First of its Kind Peer Reviewed Study”

Parameters: Example: Wind + Storage Baseload Replacement
e 20-year, high-res US renewable
generation data 450,
* Baseload target shape 00y ﬁfgtﬁevrv\i/::arges at
* Hourly storage dispatch simulations 901 sattery discharges
. —300+ : Target baseload
* Four locations (1A, TX, AZ, MA) =" and provides energy e
%250 - atlow wind P
Results: 2 ool
] . ﬂ_
 Combination of renewable + storage 150

that minimizes LCOE (levelized cost
of electricity) for each plant type
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*J.M. Mueller, G. Pereira, M. Ferrara

J. Trancik, Y.-M. Chiang, MIT 2017 Confidential



Different Combinations of Wind and Storage Can
Produce Same Output => Find Optimal One

Low Storage Cost => High Storage Cost =>
Small wind + Big battery & No curtailment Large wind + Small battery & Big curtailment
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Same shape!!
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Map of the Cost of Electricity from lowa Wind +

Condition Modeled:

* lowa wind with ~“50% capacity
factor at total cost of ownership of
$1,500/kW

* Baseline output

Outputs:

* Wind + Storage plant
configurations that minimize LCOE

* LCOE over 20 years of output
(Color map)

* Slope of contour lines gives
maximum discharge rate in hours
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LCOE, All Output Shapes, All Locations, Wind + Storage

Baseload Intermedlate Peaker

Ultra-low cost
storage is favorable
in all cases and
indispensable to
tackle the baseload
challenge
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LCOE, All Output Shapes, All Locations, Solar + Storage
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Relaxing Availability Requirement Reduces
LCOE, Increases Competitiveness

Assumptions:

* Power cost $1,000/kW
Energy cost $20/kWh
RTE =75%

20 years of hourly data

Best of class availability factor
of conventional firm
generation™

*Be aware of the difference between
planned and unplanned outages and EAF!

LCOSE ($/kWh)
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Sensitivity to Storage Round-trip Efficiency is
Weak with Small S/kWh Rich Renewable Resource

Assumptions:
«  Power cost $1,000/kW
* Energy cost $20/kWh
. EAF = 99%
* 20 years of hourly data
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State of charge (% battery size)

Deep Cycles are Rare. Battery is Mostly Held
at High State of Charge
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Texas solar baseload 100
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¢ o
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° € Solar resource shortages | 25 ¢
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Texas wind baseload
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(Duty-cycle calculated at 99% availability factor. At lower values, utilization of storage increases substantially)
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700 MW

Baseload Power Plant Example

EAF = 90%

Natural Gas
¥
1i)
12am 12pm 12am

Overnight 750MW $1,230/kW S920m
Fuel + 750MW $2,600m
o&M*
Baseload 700MW $5,030/kW  $3,520m
20-years

* See appendix for assumptions
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EAF = 90%, lowa wind (50% capacity factor), RTE = 70%

L DA

Wind + Storage

12am 12pm 12am

Wind 1,500MW $1,500/kW $2,250m

Storage 660MW, 50h $1,000/kW $1,320m
$20/kWh

Baseload 700MW $5,100/kW $3,570m

20-years

+Merchant 660GWh/y




Summary

e Storage with low energy cost <$20/kWh and long duration 100+ hours
is required to produce reliable output cost-competitively with
traditional generation.

* Sensitivity to power cost S/kW and round-trip efficiency are weaker
than to energy cost S/kWh.

* Shelf-life is more important than cycle-life.
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Addressable with Low Cost Storage
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Fact Check: PV TCO

$1,000/kW overnight cost realistic

2016 Cost $1,500/kW

O EPC/Developer Net Profit
@ Contingency (3%)

@ Developer Overhead

Nﬁ Transmission Line (if any)
\I Interconnection Fee

O Permitting Fee (if any)
Land Acquisition

O Sale Tax (if any)

O EPC Overhead

O Install Labor & Equipment
0.64 O Electrical BOS

Structural BOS

Inverter Only

I 100 MW | O Module

Room for improvement:

e  Modules today < $0.50/W

* Incremental improvements
in efficiency

* |nnovation in BOS expected
(1,500 Vdc, mounting
hardware, etc.)

Industry expects
$1,000/kW by 2020

*https://www.nrel.gov/docs/fyl60sti/67142.pdf

$1,200/kW TCO realistic

TCO target = $S1,200/kW
Overnight cost = $1,000/kW

v

Lifetime O&M < 20% TCO
Best-of-class plants today




Fact Check: PV Capacity Factor

Solar PV Capacity Factor Map

* NREL solar insolation map

* 18% module efficiency

e -14% losses, +20% AC/DC ratio
* +20% vyield single-axis tracking
* Capacity factors are realistic

_Arizona | _lowa | Mass | Texas _
34.1% 25.5% 24.2% 31.0%

https://serc.carleton.edu/details/files/81036.html
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Fact Check:

$1,200/kW overnight cost realistic

:
¢ - =~ T L
o i
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|
|
-
. . muwx*mmw ®@ o o

Source: IRENA Renewable Cost Database (2016)

Wind TCO

$1,500/kW TCO realistic

TCO target = S1,500/kW
Overnight cost = $1,200/kW

v

Lifetime O&M < 20% TCO
Best-of-class plants today




Fact Check: Wind Capacity Factor

1. Is lowa’s capacity factor of 50% realistic?

» “Rotor scaling over the past few years has clearly begun to drive capacity
factors higher. The average 2015 capacity factor among projects built in 2014
reached 41.2%, compared to an average of 31.2% among projects built from
2004—-2011 and just 25.8% among projects built from 1998-2003.”*

* Average 2015 rotor diameter ~100m, 160m already in the off-shore market.

2. Is LCOE ~ S20/MWHh realistic?

* “Focusing only on the Interior region, the PPA price decline has been more
modest, from ~S55/MWh among contracts executed in 2009 to ~S20/MWh
today. Today’s low PPA prices have been enabled by the combination of
higher capacity factors, declining costs, and record-low interest rates
documented elsewhere in this report.”*

*https://energy.gov/sites/prod/files/2016/08/f33/2015-Wind-Technologies-Market-Report-08162016.pdf



Assumptions: PV

* PV module:
* Mono-Si module, ~18% efficiency

* PV plant:
* DC-AC losses 14%, DC/AC ratio 1.2

* Single-axis tracking tilted at latitude, 0.4 ground coverage ratio
* No downtime

* Cost assumptions:
* Overnight cost < $1,000/kW
« 20-year total cost of ownership $1,200/kW

 Calculated capacity factors:

34.1% 25.5% 24.2% 31.0%
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Four Locations Cover Diversity of Solar Resource

Photovoltaic Solar Resource of the United States

25 -120 -115 -110 -105 -100 -95 -90 -85 -80 -75

451

| 42:3692,-95.4439
\ 4488 42.1041,-71.8114

kWh/m?/Day

> 6.5

6.0t0 6.5
55t06.0
50to 5.5
45t05.0
40to4.5
3.5t04.0
301035
<3.0

40§

351 35

Annual average solar resource
data are shown for a tilt =
latitude collector. The data for
Hawaii and the 48 contiguous
states are a 10km satellite
modeled dataset (SUNY/NREL,
|30 2007) representing data from
1998-2009.

sf/

The data for Alaska are a40 km
dataset produced by the
Climatological Solar Radiation
Model (NREL, 2003).

4.7145,-102.1240%

150 300 450 600 Miles

25H BB

0

-160 -158 -156 -154

65 [~/

This map was produced by
the National Renewable
Energy Laboratory for the U.S.
Department of Energy.
Billy J. Roberts
19 September 2012
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20-year, hourly resolution irradiance, temperature and wind from WRF model (AWS Truepower)
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Assumptions: Wind

* Wind turbine:
* Vestas 112 model turbine, 94m hub height

* Wind plant

* No losses, no downtime

* Cost assumptions:
* Overnight cost < $1200/kW
« 20-year total cost of ownership = $1,500/kW

 Calculated capacity factors:

38.6% 52.3% 40.7% 61.7%
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Four Locations Cover Diversity of Wind Resource

United States - Land-Based and Offshore Annual Average Wind Speed at 100 m

by 42.3692,-95.4439

1 42.1041,-71.8114

Wind Speed
m/s

>10.5
10.0

95
9.0
85
8.0
75
7.0
6.5
6.0
55
5.0

34.7145,-102.1240

Source: Wind resource estimates developed by AWS Truepower,
LLC. Web: http://www.awstruepower.com. Map developed by
NREL. Spatial resolution of wind resource data: 2.0 km.
Projection: Albers Equal Area WGS84.

< AWS Truepower” E:i:] N RE L

Where science delivers performance. NATIONAL RENEWABLE ENERGY LABORATORY
10-SEP-20133 11

20-year, hourly resolution 100m altitude wind and air density from WRF model (AWS Truepower)
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Storage Cost Convention

» Technologies w/o intrinsic C-rate constraints (e.g. flow battery,
pumped hydro):

* Energy cost <> Tanks, working fluids, land, EPC (as it scales with battery rated
energy), etc.

* Power cost <> Turbines, electrochemical stack, pumps, pipes, EPC (as it scales
with battery rated power), HVAC, power conversion electronics, etc.

* For technologies w/ intrinsic C-rate constraints (e.g. Li-ion):

* Energy cost <~ Racks, enclosure, land, EPC (energy), etc.

* Power cost <~ EPC (power), HVAC, power conversion electronics, etc.



Overall, System Cost and LCOE Increase
Primarily with Storage S/kWh Cost

Storage $S/kWh cost is the primary driver of system cost

System cost for baseload powerplant

2000 1.6e+04

1750 | 1.5e+04
. 1.4e+04 —
E 1500 - 5
= 1.3e+04 2
i P
g 1250 12404 2
o ~
033 1000 - - 1.0e+04 &=
3 2
9.3e+03 8
:I%)) 750 e
5 8.2e+03 %
o 500 (?J»

7.1e+03

250 | 6.0e+03

0 4.9e+03

0 20 40 60 80 100 120 140
Storage energy cost ($/kWh)

Storage $S/kWh cost is the primary driver of baseload LCOE

2000 Energy cost for baseload powerplant 0.32
1750 0.27
= 1500 e g
=< & O
52 - 5 & | 1022
% 1250 238
3 2238
— o o) -
a g _‘g @
% 750 %3 ;
S . 2 10.12
o 500 E’ E
250 %
Z. 0.07
0 20 40 60 80 100 120 140
Storage energy cost ($/kWh) 0.02
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The most cost-effective way to meet output requirements

Renewable Installed Power and Curtailment
Decrease Substantially with Storage S/kWh Cost

at high storage energy cost is renewable oversizing

2000

1750

$/kW)

~—

~J
o)
o

a
o
o

Storage power cost

250

-
(&)}
o
o

1250

—_
o
o
o

Ren gen power for baseload powerplant

40 60 80 100 120 140
Storage energy cost ($/kWh)

5.5e+00
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4.9e+00
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o
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+
o
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3.7e+00
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Storage power cost ($/kW)

Ren gen power (kW
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2000

1750 -

1500 |

— —
a 8 N
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a
o
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250 |

Excess energy for baseload powerplant

energy increases substantially

20

40 ©60 80 100 120
Storage energy cost ($/kWh)

140

6.5e+01

6.0e+01

5.6e+01

15.1e+01

4.6e+01

14.2e+01

13.7e+01

3.3e+01

2.8e+01

2.3e+01

1.9e+01

As a consequence, the amount of curtailed renewable

Excess energy (% total production)



The most cost-effective way to meet output requirements at
low storage energy cost is a large storage system

2000

1750 |

—

$/kW

S—

Storage power cost

(&)
o
o

250 |

1500 |

1250 ¢

—
o
o
o

\J
(@)
o

Storage power for baseload powerplant

20

40 60 80 100 120 140
Storage energy cost ($/kWh)

3.8e+01

3.6e+01

3.4e+01

1 3.2e+01

13.0e+01

12.8e+01

12.5e+01

2.3e+01

2.1e+01

1.9e+01

1.7e+01

Storage power (% installed Ren gen power)

2000

1750

1500 -

Storage power cost ($/kW)
=S
a
©c 38 8

(&)
o
o

250 -
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Storage size for baseload powerplant

20

40 60 80 100 120 140
Storage energy cost ($/kWh)

3.0e+02

2.7e+02

2.5e+02

2.2e+02

11.9e+02

11.7e+02

1.4e+02

1.1e+02

8.4e+01

5.7e+01

3.0e+01

h)

R—

Storage size



Wind Tends to Be the Preferred Resource
Except in Areas with Low Capacity Factor

Technology I:
* Power cost $1,000/kW
* Energy cost $20/kWh

Technology II:
* Power cost S50/kW
* Energy cost $150/kWh

General:
e RTE=75%
e EAF=99%

0.8

0.6

Arizona

lowa

. Low wind
High solar

High wind
Low solar

B)

Massachusetts

. Low wind
Low solar

High wind
High solar

ercent solar in wind and solar mix

Technology I
-------- Baseload
-------- Intermediate

Bipeaker

Technology 11

4  ——DBaseload

—— Intermediate
—— Peaker
Bipeaker

% Minimum



Levelized Cost of Electricity Captures System
Economics and Trade-offs for Baseload Output

Prg * TCOgg + Pgss * TCOgss pw + Egss * TCOgss kwn  $

LCOE =
Baseload Total Output Energy kWh

Where:

Prp & Power of Renewable Generator (Wind, Solar) [kW]
Erss & Energy of Battery [kWh]
Pggs & Power of Battery [kW]

TCO ¥ Total Cost of Ownership = Capex + Opex [$]



Map of the Cost of Electricity from a Wind +
Storage Baseload Plant

lowa 0.17
Condition Modeled: . 2000
* lowa wind with ~50% capacity ;
factor at total cost of ownership of a—} N 014 7
$1,500/kW = 1500
* 24 hour baseload output at 90% 0 — Nuclear
annual availability o "u_'_]' loate | =
=
© 31000 E
w
Outputs: E _:-'-3‘\ _008§ - Coal
« Wind + Storage plant E O '
configurations that minimize LCOE p] g 200 - CCGT
* LCOE over 20 years of output o)
(Color map) O 0.05
* Slope of contour lines gives 0
maximum discharge rate in hours 0 50 100 150
0.02
Storage energy
capacity cost ($/kWh)
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Map of the Cost of Electricity from a Wind +
ERCOT Load Profile

Energy cost for ERCOT powerplant

Condition Modeled: 2000 | | | 4.5€-02
* Texas wind with ~60% capacity

factor at total cost of ownership of 1750 ¢

$1,500/kwW

* ERCOT 2016 hourly load output at
90% annual availability
* Storage RTE of 60%

Z1500 -

= 1250 -

Outputs:

* Wind + Storage plant
configurations that minimize LCOE

* LCOE over 20 years of output
(Color map)

* Slope of contour lines gives
maximum discharge rate in hours

N
&)
o

Storage power cost ($/kW)
S
o
o

o))
o
o

Energy cost ($/kWh shaped

250 +

0 | | | | I | |
0 20 40 o60 80 100 120 140

Storage energy cost ($/kWh)



Map of the Cost of Electricity from a Wind +
NEISO Load Profile

Energy cost for NEISO powerplant

Condition Modeled: 2000 9.5e-02
* Mass wind with ~40% capacity 9.06-02
factor at total cost of ownership of 1750 | ve
>1,500/kW 8.60-02 ~
* NEISO 2016 hourly load output at ; 1500 3
90% annual availability ~ 18.1e-02 &
* Storage RTE of 60% £ 1950 5
@ 17.7e-02 £
Outputs: © E
* Wind + Storage plant 039 1000 17.2e-02 &
configurations that minimize LCOE o D
o 16.8e-02 Q
* LCOE over 20 years of output o 750 : o
(Color map) g P
* Slope of contour lines gives o 500 6.3e-02 ECS
. . . N
maximum discharge rate in hours 5 86-02 LL
250 5.46-02
0 | | | | | | 1 49e_02

0 20 40 60 80 100 120 140
Storage-energy cost ($/kWh)



2016 US Fossil Fuel Electricity Generation

Generation | Capacity % of US Implied
(GWh) (GW) Capacity TAM

All US Coal 1240 27% S7008B
All US Gas 1380 449 42% S1.09T
US Fossil Gen* 2620 738 69% S1.79T

Total Addressable Market in the US for
Baseload Renewables: >S700B

*Includes intermediate and peaking generation

Source: EIA
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Where is Fossil Fuel Generation?

12am

ﬁ’b Peak Generation
Natural Gas |

¥

1111
=5 n! l;
ey

Natural Gas Intermediate Generation

Baseload Generation

Natural Gas Coal

12pm 12am
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CCGT Specifications

A
ki

S/

S/

Btu/kWh 6,705%
s/t

y 2

y :

*https://www.bv.com/docs/reports-studies/nrel-cost-report.pdf
**https://www.eia.gov/outlooks/aeo/pdf/0383(2017).pdf; Henry Hub @ $5/MMBtu in 2040
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